Abstract-Equivalent models of printed circuit boards (PCBs) are useful to simplify electromagnetic problems by reducing the computational costs of numerical simulations. In this paper, a new procedure for obtaining a simple equivalent model of PCBs inside metallic enclosures is presented. The equivalent model is obtained in two steps: first we precisely characterize the coaxial to waveguide transitions used during measurements by means of an inverse procedure and then during a second inverse procedure, we carry out simulations by concatenating these transitions and the equivalent model and comparing to measurements. The optimized parameters for the equivalent model are: thickness, dielectric constant, and the electric conductivity. Results for a PCB in three scenarios have been obtained by using a sweep and two different optimization techniques. Benefits and drawbacks of the model are discussed. Results indicate that this procedure produces very precise characterization of the equivalent model of PCBs depending on the position and orientation of this device within the enclosure.
I. INTRODUCTION
T HE electrical behavior of printed circuit boards (PCBs) inside of a protecting cabinet is a key issue to understand the shielding performance of an enclosure with built-in apertures designed for airing purposes. On the one hand, the components on a PCB have to be protected against radiated electromagnetic (EM) interferences that may lead to an unwanted or uncontrolled behavior of the device. On the other hand, the presence of the PCB within the protecting cabinet forces a redistribution of the field patterns inside the enclosure shifting the original problem when the case was empty to a different one.
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structure of the board with the components attached to it as a perfect electric conductor (PEC) plate with the same dimensions as the PCB. Such approximation assumes a homogeneous ground plane as the main contribution for the model. This simply model has been used in studies with semianalytical [1] and numerical [2] methods. However, this model does not take into account the losses due to the circuitry on the PCB, neither the ones due to all the materials building up the device.
In [3] , it was stated that a populated PCB could be modeled for computational purposes by a homogeneous sheet of a lossy conductor and characterized by its reflection and transmission coefficients, depending on the requirements of the computational algorithm. An accurate EM equivalent model of a PCB without a ground plane was modeled by a slab of homogeneous dielectric material that filled up the cross section of the waveguide in [4] . The perturbation caused by several types of grounded and floating PCBs within an enclosure was empirically studied in [5] and compared with computational simulations by using the TLM technique. This study concluded that a reasonable equivalent model could be a sheet of a conducting plane plus a lossy dielectric with the same dimensions as the commercial PCB. Nevertheless, the experimental characterization of such work introduced setup mismatches into the PCB characterization, so the coupling effects where not taken into account.
This work goes a step further in such reasonable approximation by applying the experimental technique used in [6] for providing accurate results. The damping effect produced by the lossy materials of any PCB can be reproduced computationally by adding a lossy layer to the conducting plane of its EM equivalent model. This model assumes that both the PEC plate and the lossy layer have the same surface area than the original PCB, but it requires the characterization of the thickness d, dielectric constant ε r , and electrical conductivity σ of the lossy slab (see Fig. 1 ).
Traditionally, measurements performed in protecting cabinets to assess their shielding features are carried out by using coaxial probes that are inserted into the metallic cavity. These coaxial probes attached to the metallic enclosure are often referred as coaxial-to-waveguide transitions in microwave bibliography.
In [7] , an efficient analytical tool was presented to evaluate the EM coupling between two wires within an empty metallic cavity. Nevertheless, some issues may affect the accuracy of the results and distort the assessment, such as the mechanical tolerances in manufacturing the enclosure, the soldering quality of the ground line of the coaxial cables or even the inclusion of connectors and/or adaptors. When evaluating the EM perturbation inside an enclosure when it is loaded with a PCB, those issues must be handled properly, otherwise their influence might be erroneously attributed to the PCB perturbation under study, and consequently, the calculation of the EM equivalent model parameters would be affected as shown in [5] .
During this study the method presented in [8] is used to provide accurate results for the PCB equivalent model inside the cavity. However, in this case, we go a step further to overcome any other external factors such as the coupling of coaxial probes used in measurements. The method is based on the accurate experimental characterization of the S-parameters of both coaxial probes installed in the enclosure by using the empirical data registered from a rigorous calibration procedure. Once the probes are characterized, their scattering matrices are used during the needed simulations of the inverse procedure to obtain the PCB equivalent model.
In [9] , a new proposed definition for the shielding effectiveness measurement of enclosures would require a set of different representative contents (RCs) for loading the protecting cabinets under test. The method presented in this article can be used when an accurate model for a RC is required.
II. THEORY Fig. 2 shows the scheme of the new two-step procedure used in this study to obtain the PCB equivalent model. During the first step, the coaxial to waveguide transitions used in the experimental measurements are fully characterized and their complex scattering matrices are obtained for all the frequency points under study. The details of this calibration procedure are explained in Section II-A.
The second step obtains the PCB equivalent model. With that purpose, the scattering matrices of these transitions are used to simulate the whole enclosure by concatenating them to the full wave simulation of the waveguide thru that contains the PCB equivalent model. This simulation is then compared to measurement and the PCB model parameters properly optimized to match measurements. A detailed description of this second step is provided in Section II-B. Once the transitions have been properly characterized the simulation time is not only reduced by the fact that there is a reduction of the computational domain but also from changing from a resonant problem (enclosure) to a transmission one (waveguide line). This last issue may be very interesting in time-domain simulations where the convergence is slower and especially when using global optimizing procedures where the number of evaluations of the fitting function is very high.
A. Inverse Calibration Procedure for the Coaxial-to-Waveguide Transitions of the Metallic Enclosure
Coaxial monopoles within metallic cavities can also be studied as coaxial-to-waveguide transitions. A previous study for de-embedding and unterminating coaxial-to-waveguide transitions was presented in [6] . In that work, experimental measurements and analytical calculations were combined with a genetic algorithm (GA) and gradient descent (GD)-based technique to precisely obtain the frequency-dependent complex scattering matrix of each transition. The way to characterize these transitions is to reduce the error when comparing the measured standards (thrus and/or shorts) to analytical simulations where the unknown variables are the scattering parameters of the transitions [6] . The three cavities method described in [10] for coaxial probe modeling has also been used in this study for validating purposes.
The procedures described in [6] and [10] have been slightly modified here in order to be able to work with a complete metallic cavity instead of a cavity built up of different assembled parts. In fact in this study, the enclosure was virtually divided into three parts as shown in Fig. 3 : two coaxial-to-waveguide transitions and a central waveguide part. Each of these virtual parts is characterized by their scattering matrix and then concatenated to obtain the whole response of the enclosure.
The calibration measurements for the reflection behavior of each transition were performed by positioning a sliding shortplate at 1.25, 5, and 8.75 cm away from the reference plane of the virtual waveguide port of transition 1. The measurement of the whole empty enclosure, which implies the virtual 10-cm waveguide in between both transitions was performed to define the thru behavior. The implemented method assumed a TE 10 propagation mode as explained in [6] .
In order to reduce computing times during the transitions calibration stage, the results of a GA were used for seeding a gradient-based algorithm [6] as shown in Fig. 2 . The GA was used for finding the global minimum error between measured and simulated data at the first frequency point with 100 individuals and 200 generations. The mutation function adds a random number taken from a Gaussian distribution with mean 0 to each entry of the parent vector. The algorithm shrinks the variance in each coordinate linearly until it reaches 0 at the last generation. Afterward, the obtained result was introduced as the initial searching point in the gradient-based method to refine the solution of the first frequency point. For the subsequent frequency points GA are not longer used and the solution obtained in the previous frequency point with GD is used as the initial guess for the GD at the next frequency.
The error evaluation function used in this study takes into account the magnitude of the difference between the measured complex scattering parameters S m ij and the simulated ones S s ij evaluated for each calibration setup (reflection and transmission). The expression used to evaluate the error at each frequency point when short circuiting the transition is shown in (1) whereas for the transmission configuration (thru) (2) is applied [6] :
B. Calculation of PCB EM Equivalent Model
Once the coaxial-to-waveguide transitions are characterized by the de-embedding technique, it is possible to obtain the PCB EM equivalent model by comparing the effects measured in the real enclosure loaded by the PCB and the ones computed in the virtual modeling.
The simulated scattering matrix of the whole metallic enclosure was computed as follows. The waveguide containing the PCB EM equivalent model was simulated with Computer Simulation Technology (CST) Microwave Studio that is based on the Finite Integration Technique and assuming a monomodal excitation. Afterward, an analytical concatenation of the de-embedded transition 1, the waveguide containing the PCB equivalent model and the de-embedded transition 2 scattering matrices was computed by using MATLAB functions that concatenate a cascade of scattering matrices. CST simulations were controlled by MAT-LAB under Visual Basic Application macro language, which provides an easy implementation of any optimization method.
The GA and the gradient-based technique were used in order to minimize the difference between simulated results and the measured data during the computation of the optimized PCB EM equivalent model. An individual from the GA represents a possible solution of the problem that contains the estimation of the three different unknown parameters (thickness, dielectric constant, and electrical conductivity) necessary to characterize the PCB EM equivalent model. The search limits for the optimization algorithms were: [0.5, 30] mm for the dielectric thickness d [1, 10] for the dielectric constant ε r and [0, 0.3] S/m for the electrical conductivity σ. Initially, a random population of 20 individuals was evaluated, while the crossover and mutation operations defined the following 20 generations evolving toward the optimum individual.
The fitting function for obtaining the proposed PCB EM equivalent model is
where, S m ij k are the scattering parameters of the metallic enclosure containing the PCB measured with the vector network analyzer, S s ij k are the simulated scattering parameters of the whole enclosure containing the PCB EM model, i and j are the index reference port numbers for the scattering parameters, k is the index for each frequency point and N is the number of frequency points in the range under evaluation. The frequency range to carry out the PCB parameters optimization process was restricted to those frequencies near the first measured resonance since this resonance was found to occur at the monomode range.
For the sweep algorithm the fitting function was evaluated with a set of 10 × 10 × 10 sampled points equally spaced within the range of [0.5, 30] mm for the thickness, [0, 0.3] S/m for the electrical conductivity and [1, 10] for the dielectric constant.
III. EXPERIMENTAL SETUP
The employed aluminum enclosure had a 30 × 12 × 30 cm 3 volume, the same used in [4] and [5] . The testing probes were 4-cm long monopoles placed at ±7.5 cm away from the top center of the cavity as depicted in Fig. 4 .
The analytic scattering matrix concatenation was implemented considering only monomode propagation. The first appearing mode for a 30 × 12 cm 2 waveguide cross section is the TE 10 mode, which has a cutoff frequency of 500 MHz. The TE 20 is the following mode that could be propagated through the waveguide once its evanescent condition is overcame, that is, for frequencies above 1 GHz. Higher modes might appear starting from 1.249 GHz, which is the TE 01 cutoff frequency. Therefore, by placing the monopoles just in the minimum of the TE 20 E-field pattern, which means an alignment to the The commercial PCB dimensions were 12 × 6 cm 2 approximately (see Fig. 1 ). The PCB was double layered with grounding planes and tracks on both sides of the PCB while the electronic components were soldered to just one side. It has to be remarked that the PCB was lightly populated. The PCB was unpowered, thus, acting as a passive load. It was considered that the geometrical center of the PEC layer of the EM equivalent model had to be aligned with the y-axis in the center of the enclosure. The same consideration was taken in the experimental setups having the PCB board substrate as the alignment reference.
The scattering parameters were obtained by using a vector network analyser Rohde & Schwarz ZVA67. The frequency range for the experimental study ranged from 500 MHz to 1250 MHz. A frequency resolution of 1.97 MHz was used during measurements.
IV. RESULTS
Figs. 6 and 7 show the comparison of the S 21 magnitude and phase obtained for the transition 1 using the proposed inverse technique [6] and the three cavities method [10] , respectively. As observed in both figures, both results agree very closely up to 1.25 GHz. Therefore, this comparison validates the calibration procedure for the coaxial-to-waveguide transitions. It must be clarified that the results have been obtained by assuming a monomode propagation through the virtual waveguide thru, but frequency axis is ranging beyond the cutoff frequency of the second propagating mode (TE 20 ). As was explained earlier, this mode is not excited since the coaxial probes are aligned properly at the center of the cavity as seen in Fig. 4 , so TE 2 × m0 modes will not be excited. Similar results were obtained for transition 2 and the rest of scattering parameters of transition 1. The employed monopoles are short over the entire frequency range and especially ineffective at the lower frequencies. The low levels for the | S 21 | parameter at lower frequencies lead to slightly different values for both solutions as can be seen in Fig. 6 . As was expected, the inverse technique provides higher accuracy and precision than the three cavities method, because that calibration process includes an additional thru measurement. As a consequence, the differences at lower frequencies shown in Fig. 6 are also reproduced in Fig. 7 . This is emphasized by the phase ambiguity due to the low values of | S 21 | . Figs. 8 and 9 show the comparison of the S 21 magnitude and phase for the empty enclosure scenario and for three different cases: measurements, simulation results obtained by CST Microwave Studio and the results obtained by concatenating the scattering matrices of coaxial-to-waveguide transitions and the waveguide thru. From these data, it can be concluded that there is a close matching between the proposed method and the measurements as expected, since the measurements of the empty enclosure were employed in the inverse technique calibration process in order to extract the scattering parameters of the transitions used in the calculations. Therefore, this also shows that the proposed calibration technique allows a precise and accurate characterization of the transitions.
Differences between CST simulations and measurements start at the resonance frequency values and increase gradually with frequency. This is due to the fact that simulations do not FIRST RESONANCE properly model the effect of monopoles coupling and therefore, any attempt of deriving an equivalent model based only in simulations would require a very highly detailed model. Calculated values at lower frequencies are noisy due to low S 21 transitions values at frequencies just above the cutoff frequency where the short monopoles are ineffective and the fundamental mode is starting to be excited. Table I focuses on a comparison for the three traces shown in Fig. 8 and considers the quality factor, the resonance frequency and the maximum level for | S 21 | (dB) at the first resonance. The values have been extracted using a quadratic interpolation [11] . Consequently, accurate modeling of the empty enclosure using the inverse technique guarantees the precise extraction of the PCB EM equivalent model.
Three different approaches for evaluating the PCB EM equivalent model performance were carried out: a vast sweep of the three model parameters, the solution obtained by the GA and a solution obtained by a gradient-based optimization technique. Table II Figs. 10 and 11 ). It can be concluded from these data that the three scenarios depicted in Fig. 5 produced different equivalents for the same PCB. In the case of scenario (c), despite the low values of the evaluation function the model was unable to reproduce the behavior of the PCB inside the cabinet, as it will be shown later. Fig. 10 shows the measurement data of | S 21 | when placing the PCB as depicted in scenario (a). Also in Fig. 10 , the results obtained for the PCB equivalent model obtained by using GA and the simulations results obtained when simulating the whole structure with CST are depicted. It must be remarked that in this last case, CST used the same optimized values that the proposed technique to calculate the PCB model in order to observe the deviations of both approaches.
From the results, it can be concluded that the PCB model is capable of matching very closely the experimental data. On the contrary, when only using CST Microwave Studio software with the GA optimized data resonant frequencies and quality factors deviations are observed. Again those deviations are due to the effect of the monopole coupling. It must also be emphasized that in the scenario (a), the PCB position inside the cavity is not invasive enough to force a redistribution of the EM field energy within the enclosure. Consequently, resonances and levels for the S 21 curve vary slightly when compared to the empty cavity situation, so this case could be treated using a perturbational approach where the frequency deviation between the empty and the loaded cavity is directly related to the dielectric constant solution and the Q factor variation from the empty to the loaded cavity leads to the conductivity or loss tangent solution. The thickness influences both the resonant frequency and the Q factor. The opposite case is dealt with the scenario (b), where the PCB is placed in the middle of the enclosure where the most of the energy of the TE 10 mode tends to concentrate when the enclosure is empty. However, besides the invasion of the PCB there is a vertical invariance due to its orientation. Fig. 11 shows | S 21 | measured data, | S 21 | calculated by using the proposed technique and GA and the results obtained by simulating the whole structure with CST and the PCB optimized data for the scenario (b). From obtained data, it can be derived that in this scenario the PCB model and the proposed technique are capable of reproducing the first resonance getting close to the second resonance. When using the PCB model with CST the results are poorer than for the previous case. Fig. 12 shows the | S 21 | measured data, | S 21 | obtained with the GA PCB EM equivalent model and the CST simulation for the scenario (c). As in previous cases, CST simulations of the whole structure made use of the same optimized parameters than those used in the proposed technique. From obtained data, it can be concluded that in this case the proposed method to extract the PCB EM equivalent model is not able to produce good results. This is due to the orientation of the PCB, which disrupts the vertical invariance along the y-axis becoming the most invasive scenario and producing higher order modes at the discontinuity that reach to the virtual ports of the central waveguide of Fig. 3 . As is known, TE 10 mode exhibits vertical invariance, referred in this study as the y-axis. In the scenario (c), the PCB breaks up this condition as the PCB half fulfils the enclosure in height. To overcome this drawback, it would be necessary to use a multimode calibration for both transitions and a multimode modeling for scenario (c). Since a monomode assumption has been used during all calculations the proposed technique is not able to produce good results for the first resonance.
The values of the optimization evaluation function computed by using the sweep algorithm for the scenario (a) are presented in Figs. 13-15 , where it is shown a 2-D representation of f pcb by fixing one of the PCB model parameters to its where f pcb is shown versus thickness and dielectric constant. Also in these figures one can perceive that several minima can be found and, therefore, many PCB EM equivalent models are possible. As a consequence, global minimum search such as GA is important to find the best PCB model. However, the behavior of f pcb for scenario (b) is quite different as shown in Figs. 16 different thickness-electrical conductivity and thicknessdielectric constant pairs.
From obtained results with scenario (b) at Fig. 17 , it can be derived that several combinations of thickness and dielectric constant values may provide similar values for f pcb and consequently similar PCB EM equivalent models, at least to match the first resonance. This can be explained by the fact that the combination of both variables provides similar electrical volumes within the resonant cavity and, therefore, these combinations provide similar resonant frequencies.
Again in the case of scenario (b), results indicate that it is important to use global optimization techniques to find the parameters of the optimized PCB EM model.
Finally, computation times obtained using CST Microwave Studio simulation tool lead to 31 s in the case of the thru for the proposed technique in scenario (b) and 130 s for the whole enclosure setup. An Intel Core 2 Quad @ 2.66 GHz with 4 GB RAM was used during the simulations. Time benefits derived from the reduction in the computational domain in optimization processes are clearly justified.
V. CONCLUSION
In this study, a new method for extracting PCB EM equivalent models within metallic enclosures has been proposed and validated. The method consists of two different stages. During the first step, the whole metallic enclosure is virtually divided into three different parts (a waveguide thru and two coaxialto-waveguide transitions). The coaxial-to-waveguide transitions used at the experimental setup are precisely characterized by means of an inverse procedure that provides their complex scattering matrices. Three sliding shorts and a waveguide thru are used in this study to carry out this experimental procedure. Next, during the second step the experimental scattering matrices of the coaxial-to-waveguide transitions and the results of CST Microwave Studio simulations modeling a waveguide thru that contains the PCB EM model are concatenated and compared to experimental measurements in order to obtain the three parameters of the equivalent model: thickness, dielectric constant, and electrical conductivity.
Results show that this method increases the accuracy of the PCB EM equivalent model versus a model extracted only with simulations because the effect of coaxial probes is not transferred to the PCB model. Simulations or analytical models may obtain very good results, but tolerances in the manufacturing of the device under test due to mechanization processes or soldering may lead to inaccuracies in their results.
Several combinations of thickness, dielectric constant and electrical conductivity values can provide very similar values for the equivalent model fitting. This is due to the fact that the dielectric constant and the dielectric volume of the PCB model establish the resonance frequency within the cavity whereas the electric conductivity and dielectric volume control resonance bandwidth. A strong correlation between the dielectric constant and the thickness of the model can also be observed.
Precise PCB EM equivalent models have been obtained for scenarios (a) and (b) where the perturbation introduced by PCB orientation did not generate an intermodal energy scattering. It must be remarked that different PCB EM equivalent models were obtained for several PCB configurations within the enclosure. This means that the model is not an approximate geometrical model, but an accurate EM model considering the interactions with the enclosure.
However, for scenario (c) the proposed method failed due to the fact that the main considered hypothesis was monomode propagation at the virtual waveguide thru (TE 10 in this case). A multimode version of the proposed techniques would be needed to reach a solution in this case. More work is envisaged in this direction.
Computation time reduction is also a key benefit derived from the proposed technique.
